). An inverse correlation between challenge strain Env variation and vaccine protection from disease was observed. Given the striking differences in protective immunity, we hypothesized that analysis of the humoral and cellular immune responses to the Env protein could reveal potential determinants of vaccine protection. Neutralization activity against the homologous Env or challenge strain-specific Env in immune sera from the vaccinated ponies did not correlate with protection from disease. Cellular analysis with Env peptide pools did not reveal an association with vaccine protection from disease. However, when individual vaccinespecific Env peptides were utilized, eight cytotoxic-T-lymphocyte (CTL) peptides were found to associate closely with vaccine protection. One of these peptides also yielded the only lymphoproliferative response associated with protective immunity. The identified peptides spanned both variable and conserved regions of gp90. Amino acid divergence within the principal neutralization domain and the identified peptides profoundly affected immune recognition, as illustrated by the inability to detect cross-reactive neutralizing antibodies and the observation that certain peptide-specific CTL responses were altered. In addition to identifying potential Env determinants of EIAV vaccine efficacy and demonstrating the profound effects of defined Env variation on immune recognition, these data also illustrate the sensitivity offered by individual peptides compared to peptide pools in measuring cellular immune responses in lentiviral vaccine trials.
Equine infectious anemia virus (EIAV) is a macrophagetropic equine lentivirus that has been used extensively as a model for human immunodeficiency virus type 1 (HIV-1) persistence and pathogenesis and for AIDS vaccine development (8, 18, 24, 25, 29, 36, (48) (49) (50) 55) . Compared to other progressively degenerative lentiviral infections, EIAV is characterized by three distinct phases of infection, namely, acute, chronic, and inapparent. By 2 months post-EIAV exposure, most horses experience an acute disease episode characterized by high fever, a drop in platelets, and a high viral load. The horse then enters a chronic stage of infection characterized by recurrent disease episodes, which typically progress to the inapparent carrier stage of disease for the life span of the animal (48) . During the inapparent phase, the horse has gained immunologic control of the virulent and constantly evolving lentivirus, as demonstrated by the fact that whole blood transfers from inapparent carriers to naïve horses can cause an acute episode within 2 months (31, 43, 48) . Additionally, if the inapparent carrier is immunosuppressed or stressed, there can be recrudescing disease associated with a new viral quasispecies. Inapparent carriers of EIAV appear to be resistant to additional exposure to EIAV variant strains, indicating that the horse has gained a high level of prophylactic immunity (48) . This type of immunity is especially desirable for lentiviral vaccines, which makes EIAV a valuable model system for studying vaccine protection.
Immune control of acute EIAV viremia has typically been associated with the appearance of cytotoxic T lymphocytes (CTL) (44) and nonneutralizing antibodies (44, 56, 62) . Recently, virus-specific neutralizing antibodies have been found to develop after the resolution of the acute episode (45) , and they continue to increase in titer and breadth of specificity throughout the first year of infection (5, 24, 30) . We previously identified V3 and V4 of the surface envelope (Env) glycoprotein (gp90) as major neutralization epitopes, with V3 containing the principal neutralization domain of EIAV (5, 30, 36, 37) . However, there has been only limited characterization of cellular immune responses to EIAV Env that are associated with protective immunity. McGuire and colleagues have thoroughly examined Gag-and Pol-specific T-helper (Th) and CTL responses (10, 22, 45, 46) , but vaccines based on these broadly reactive immune determinants have failed to elicit a protective immune response against EIAV challenge (21) .
Previous work with EIAV, simian immunodeficiency virus (SIV), and simian-human immunodeficiency virus (SHIV) has shown that there is a progressive maturation of Env-specific antibody responses to these various attenuated lentiviral vaccines (11) (12) (13) 25) . A comparison of quantitative (titer) and qualitative (avidity and conformation) Env-specific antibodies reveals correlations between an immature immune response (low titer, low avidity, and linear epitope) and nonprotection or enhancement and between a mature immune response (high titer, high avidity, and conformational epitope) and protective vaccine immunity (11) (12) (13) 25) . Based on these and other studies, we have proposed that EIAV Env is a primary determinant of vaccine efficacy and that an effective vaccine must be able to elicit broad humoral and cellular immune responses to conserved Env determinants.
Previously, we described a highly effective attenuated EIAV vaccine (EIAV D9 ) that protects 100% of horses from disease by homologous virulent challenge (16) . In that study, we were able to identify regions of EIAV gp90 and gp45 envelope proteins that were broadly recognized by CTL and Th cells from protected horses with diverse major histocompatibility complex (MHC) haplotypes (65) . It has always been assumed that Env variation poses a major obstacle to lentiviral vaccine protection; therefore, vaccine strategies have focused on the more conserved Gag proteins to elicit protective immune responses. To directly examine the role of Env variation on vaccine efficacy, 24 ponies were vaccinated with the highly effective EIAV D9 vaccine (16, 18) . At 7 months postvaccination, the ponies were challenged with either a homologous Env strain (EV0) or variant Env strains with 6% (EV6) or 13% (EV13) divergence from the homologous Env. During the 120-day observation period, one EV0-, three EV6-, and five EV13-challenged ponies developed signs of equine infectious anemia (EIA), clearly revealing an inverse correlation between protection from disease and divergence from the homologous Env (17, 18) . In light of the marked differences in vaccine protection observed against the variant Env challenge viruses, we hypothesized that analyses of vaccine immunity to the variant Env proteins could reveal important correlates of vaccine protection. Thus, the goal of the current study was to use this panel of experimentally immunized ponies displaying different levels of vaccine protection to evaluate potential immune correlates of protective immunity by in-depth analyses of vaccine-induced Env-specific neutralizing antibody responses, lymphoproliferative responses, and cellular cytotoxicity responses.
MATERIALS AND METHODS
Experimental vaccinations and challenge. All equine procedures were conducted at the Gluck Equine Research Center of the University of Kentucky according to protocols approved by the University of Kentucky IACUC. Twentyfour ponies were vaccinated with the previously described attenuated EIAV D9 vaccine (16, 18, 38) . Serological typing of the MHC I locus was performed as previously described (3, 4) . Direct sequencing of the DRA and DQA MHC II loci was performed using previously published protocols (Table 1) (1, 20) . Serum and plasma were obtained at regular intervals throughout the trial. At 7 months postvaccination, blood was drawn from each pony, and peripheral blood mono- nuclear cells (PBMC) were isolated and cryopreserved in autologous serum and 10% dimethyl sulfoxide (DMSO) for future use in cellular immune assays. On the following day, the vaccinated ponies (eight per group) were challenged intravenously with 10 3 median tissue culture infectious doses of EV0, EV6, or EV13 (eight ponies/group) (18) . The challenge viruses were derived from the same reference proviral clone and differed only in the gp90 segment of the Env gene. The EV0 Env is homologous to that in the EIAV D9 vaccine strain; the EV6 and EV13 gp90 proteins diverge from EV0 by 6% and 13% in their respective amino acid sequences. The EV0, EV6, and EV13 Envs were shown to be neutralization distinct, with each being inactivated by immune sera from ponies infected with the homologous, but not heterologous, virus strain. Temperature and platelet counts were taken for 120 days postchallenge, as previously described, to monitor disease progression (18) . During the observation period, one EV0-challenged pony, three EV6-challenged ponies, and five EV13-challenged ponies developed clinical signs of EIA. The remaining 15 ponies were protected from disease (Table 1) .
Neutralizing antibody assay. The development of neutralizing antibodies to EV0, EV6, and EV13 on the day of challenge (DOC) and at 4 weeks postchallenge (4 wpc) was assessed in an enzyme-linked immunosorbent assay-based infectious-center assay as previously described (24 burgh, using an Advanced Chemtech model 396 Omega synthesizer. Variantspecific peptides were designed using EV6 clone 567IVC8 and EV13 clone 567p10 (17, 36) . Previously described UK peptides served as the EV0 peptides, since EV0 and UK have identical Env amino acid sequences (65) . Seventeen EV6-specific peptides and 26 EV13-specific peptides were synthesized to account for the amino acid sequence differences with EV0 (Table 2 ). All peptides were dissolved at 2 mg/ml in 100% DMSO and stored at Ϫ80°C. To construct variantspecific matrix pools, the variant peptides were substituted for their EV0 counterparts and added to the conserved EV0 peptides in a matrix format as previously described (65) .
Lymphoproliferation assays. DOC PBMC from the 24 vaccinated ponies were tested for recognition of EIAV envelope peptides in a standard 7-day thymidine incorporation assay, as previously described (65) . Briefly, DOC PBMC from 22 of the 24 vaccinated ponies were Ͼ80% viable upon thawing and maintained viability throughout the assays, as measured by trypan blue exclusion. DOC PBMC from ponies B22 and D34 were not viable and therefore were not used in further cellular assays. Pony C36 had abnormal DOC PBMC which yielded nonspecific hyperreactivity in the cellular assays and therefore was excluded from this study. PBMC were plated at 2 ϫ 10 5 cells/well in complete RPMI 1640 (10% fetal equine serum, 1% penicillin-streptomycin, 1% L-glutamine, 55 M ␤-mercaptoethanol) with 5 M zidovudine (Sigma) and stimulated in triplicate wells with 2.5 g/ml pokeweed mitogen (PWM), 20 g/ml peptide matrix pools, or 10 g/ml individual peptides. The initial scan for potentially reactive peptides utilized challenge strain-specific matrix pools to account for possible differences in T-cell recognition and reactivity. Zidovudine was replenished every other day in 5 l of medium. Triplicate medium control wells were set up with DMSO to match the DMSO concentration in the peptide pool and peptide wells. The PBMC were incubated for 48 h with PWM and for 6 days with the peptide pools or peptides prior to being labeled with 0.75 Ci [ To identify all possible reactive proliferation peptides, the cutoff for peptide pools was set low, at an SI of Ͼ1. For individual peptides, we previously identified an SI of Ͼ2.5 as the cutoff for a positive proliferation response (65) . Broadly reactive peptides were identified as peptides that caused positive proliferation in Ͼ50% of the ponies and that were presented by the majority of the MHC II molecules. Pony-specific peptide responses were assayed two times to calculate the standard error.
CTL assays. DOC PBMC were used to assay CTL activity in a standard chromium release assay as previously described (65) . Briefly, DOC PBMC from the vaccinated ponies were expanded in vitro for 7 to 10 days with either 2.5 g/ml PWM (target cells) or 10 g/ml gradient-purified EIAV (effector cells) in complete RPMI supplemented with 200 U recombinant human interleukin-2 (Hoffmann-La Roche Inc.). The target cells were labeled with 100 Ci 51 Cr (Na 51 CrO) (MP) for 1 hour at 37°C in 5% CO 2 and washed four times with 1ϫ phosphate-buffered saline-1% horse serum. Triplicate wells of 30,000 target cells/well were pulsed with either 20 g/ml of the peptide matrix pools or 10 g/ml of individual peptides for 2 hours at 37°C in 5% CO 2 . EIAV-stimulated effector cells were added at a 20:1 effector/target (E:T) ratio and incubated for 12 to 16 h prior to being harvested. A 25-l sample of cell supernatant was added to 175 l of OptiPhase SuperMix scintillation fluid (Perkin-Elmer) and analyzed for 51 Cr release with a MicroBeta reader (Perkin-Elmer). Maximum 51 Cr release was determined by plating 51 Cr-labeled target cells with the nonionic detergent Nonidet P-40 to lyse cells. Background spontaneous lysis was determined by plating 51 Cr-labeled target cells with 0.1 ml of medium alone. Percent specific lysis (%SL) was calculated as follows: ( Effector cells were added to non-peptide-pulsed target cells to establish an average background SL of 2.7 Ϯ 2.4 for the 12 ponies with detectable CTL activity at DOC. To identify all potentially reactive CTL peptides in the vaccinated ponies, a %SL cutoff of 5% (1 standard deviation above background) was utilized for the peptide pools. The threshold for distinguishing positive CTL peptides from nonreactive peptides was 10% (3 standard deviations above background). Broadly reactive peptides were defined as (i) being recognized by CTL in Ͼ50% of the responder ponies and (ii) having CTL recognition occurring in ponies representing the majority of MHC I haplotypes in the cohort. Ponyspecific peptide responses were assayed two times to calculate the standard error.
Statistical analysis. To determine the statistical relevance of peptide responses in the group of protected ponies compared to the nonprotected ponies, two-tailed Student's t test with unequal variances was performed. P values of Ͻ0.05 were considered statistically significant.
RESULTS
Neutralizing antibody response. To determine if neutralizing antibodies raised against the EIAV D9 vaccine were associated with vaccine protection from disease, the level of neutralizing activity toward the vaccine envelope was measured with DOC serum from each vaccinated pony. The 24 vaccinated ponies were grouped according to those protected from disease and those that developed EIA after virulent virus challenge. The neutralizing antibody response elicited by the vaccine was quantified using DOC sera and the EV0 challenge strain, which had a homologous envelope to that of the EIAV D9 vaccine. At DOC, only 8 of the 24 vaccinated ponies had detectable neutralizing antibodies to EV0 (Fig. 1A) . Only two ponies with detectable neutralizing antibodies were protected, while the other six ponies with EV0-specific neutralizing antibodies at DOC were not protected from disease after virulent challenge. While the data initially appeared to indicate that the nonprotected ponies developed better neutralizing antibody responses than did protected ponies, there was in fact no statistical difference between the neutralizing activity of the protected ponies and that of the nonprotected ponies (Student's t test P value ϭ 0.090). Based on these assays, it appeared that EV0-specific neutralizing activity elicited by the EIAV D9 vaccine was not associated with protective vaccine immunity. (A) An enzyme-linked immunosorbent assay-based infectious-center assay was used to measure EV0-specific neutralizing antibodies in DOC serum from each vaccinated pony. (B) The neutralization assay was also used to quantify the level of challenge strain-specific neutralizing antibodies in 4-wpc serum from each vaccinated pony. The ponies were grouped according to the indicated challenge strain. Underlined ponies were protected from disease.
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The contribution of challenge strain-specific neutralizing antibodies to protection from disease was analyzed by measuring the level of neutralization in 4-wpc sera against the specific challenge strain for each vaccinated pony (Fig. 1B) . Only two ponies, E34 and C28, had detectable challenge strain-specific neutralizing antibodies at 4 wpc; no detectable challenge strain-specific neutralizing antibodies were measured in the remaining 22 ponies. Based on the current in vitro neutralization assay, an association between vaccine protection from disease and neutralizing activity toward the respective challenge virus at 4 wpc was not evident.
Proliferation response to an EIAV D9 Env-specific peptide pool. DOC PBMC from each pony were used in proliferation and CTL assays to determine if Env-specific immune responses elicited by the EIAV D9 vaccine could be associated with protection from disease. The overall Env-specific proliferative response elicited by EIAV D9 was measured in PBMC from each vaccinated pony in a [
3 H]thymidine incorporation assay against a comprehensive Env peptide pool. The comprehensive Env pool contained sequential EV0 Env peptides spanning the entire gp90 protein. The 21 ponies with viable DOC PBMC had variable proliferative responses to the comprehensive Env pool, as expected from an outbred population of ponies ( Fig.  2A) . There was no statistical difference between the proliferation responses of the protected ponies and the nonprotected ponies (Student's t test P value ϭ 0.416), and therefore a more detailed analysis of peptide-specific proliferation was performed to determine if a relationship existed between Envspecific proliferation and protection from virulent EIAV challenge.
Env peptide-specific proliferation. Challenge strain-specific peptide matrix pools were tested against the PBMC from the 21 vaccinated ponies in a thymidine incorporation assay to execute an inclusive scan of all Env peptides. Specific peptides were chosen from the matrix pools to be tested individually if they were reactive (SI Ͼ 1.0) in 11 or more of the 21 ponies tested. Following these criteria, 33 EV0-specific peptides, along with 8 EV6-specific peptides and 11 EV13-specific peptides, were indicated to be tested individually (data not shown).
To identify peptide-specific proliferation that was potentially associated with protective immunity, the 33 EV0-specific peptides indicated by the peptide matrix were tested against DOC PBMC from the 21 vaccinated ponies in a thymidine incorporation assay. Peptides 17 and 61 caused a positive proliferation response (SI Ͼ 2.5) in 11 or more of the 21 ponies (Fig. 2B) and were presented by the majority of the represented MHC II alleles. Therefore, these vaccine Env-specific peptides were considered to be broadly reactive in this group of ponies.
Peptide-specific proliferation responses potentially associated with vaccine protection were identified by grouping the ponies according to protection or progression to disease after virulent EIAV challenge. For each peptide, the SI of the 14 protected ponies were averaged and the SI of the 7 nonprotected ponies were averaged (Fig. 3A) . A clear separation between the two groups of ponies was observed for peptides 5, 10, and 53. A more thorough analysis of these peptides was achieved by plotting the SI values of the individual ponies within the two groups (Fig. 3B) . The only statistically significant difference between the individual peptide responses of the protected and nonprotected ponies was for peptide 5 (Student's t test P value ϭ 0.0156). Peptide-specific CTL reactivity. The Env-specific CTL response was examined to determine if the EIAV D9 vaccine elicited peptide-specific cytotoxic responses associated with vaccine protection from disease after virulent challenge. In an initial evaluation, the CTL responses to a comprehensive Env pool of peptides were tested in DOC PBMC from the 21 vaccinated ponies (Fig. 4A) . Cytolytic activity was detected in 12 of the 21 vaccinated ponies at DOC, presumably reflecting natural fluctuations in virus-specific CTL activity during persistent EIAV infection (24) . Of these 12 ponies, 7 were protected from disease and 5 developed EIA after virulent EIAV challenge. Differences in cytolytic activity between the protected and nonprotected ponies in response to the Env peptide pool were not statistically significant (Student's t test P value ϭ 0.676).
A more comprehensive study to identify individual peptide responses potentially associated with vaccine protection from disease was performed next. DOC PBMC from the 21 vaccinated ponies were tested in a chromium release assay against challenge strain-specific peptide matrix pools to identify potentially reactive CTL peptides (data not shown). Of the 21 ponies tested, 12 vaccinated ponies had detectable CTL reactivity against the peptide matrix pools. Results from the matrix pool analysis identified 20 EV0-, 9 EV6-, and 11 EV13-specific peptides. Peptide-specific CTL responses elicited by the vaccine were determined by testing the EV0 peptides against the DOC PBMC of the 12 vaccinated ponies in a chromium release assay. The nine ponies without CTL responses to the peptide pools were excluded from individual peptide analysis. Of the 20 EV0 peptides, peptides 8, 9, 17, 18, 20, 21, 27, 32, 36, 38, 52, and 62 were reactive (Ͼ10% SL) in Ͼ50% of the ponies tested (Fig. 4B) . Additionally, these peptides, with the exception of peptides 18 and 21, were recognized by CTL in ponies representing the majority of the MHC I haplotypes in this cohort and were therefore considered to be broadly reactive. Peptides 8, 9, 17, 20, 27, 32, 36, 38, 52, and 62 most likely contained multiple epitopes capable of being recognized by the MHC I molecules within the represented haplotypes. Peptides 18 and 21 appeared to contain only epitopes presented by molecules within the A1, A9, and W11 haplotypes and therefore were not broadly reactive.
CTL responses associated with protective immunity. Peptide-specific CTL responses potentially associated with protective vaccine immunity were identified by grouping the vaccinated ponies according to disease development. For this comparison, the %SL of the seven protected ponies and five nonprotected ponies were averaged for each reactive peptide To determine if these vaccine immune responses were crossreactive with the EV6 and EV13 challenge strains, immune responses to strain-specific Env species were investigated. As demonstrated above, 8 of the 24 vaccinated ponies had EV0-specific neutralizing antibodies at DOC, and only two ponies, both of which were EV0 challenged, developed a challenge strain-specific neutralization response by 4 wpc (cf. Fig. 1A and B). To ascertain if the EIAV D9 vaccine was capable of eliciting cross-reactive neutralizing antibodies, DOC and 4-wpc sera from each vaccinated pony were tested against all three challenge strains in the cell-based neutralization assay. Data for a representative vaccinated pony from each challenge group are illustrated in Fig. 6A . Previous studies demonstrated EV0, EV6, and EV13 to be neutralization distinct, with each being inactivated by immune sera from ponies infected with the homologous, but not heterologous, virus (18) . In this case, it appeared that sera from EIAV D9 -vaccinated ponies are only capable of neutralizing EV0, from the homologous Env challenge strain, indicating that EIAV D9 does not induce crossreactive neutralizing antibodies to EV6 or EV13.
For the cellular immune assays, strain-specific peptides indicated by the variant matrices were tested against DOC PBMC from the EV6-and EV13-challenged ponies to establish if cross-reactive cellular immune responses were generated by EIAV D9 . In the proliferation assays, 8 EV6-and 11 EV13-specific peptides were indicated in the matrix studies. The amino acid changes in these strain-specific peptides did not alter the observed level of proliferation responses (data not shown). These data suggest that the sequence variation of these peptides does not affect PBMC proliferation, at least within the sensitivity provided by the current thymidine incorporation assay.
The CTL assays with challenge strain-specific peptide matrix pools identified 9 EV6-and 11 EV13-specific peptides. Three of the eight CTL peptides associated with vaccine protection from disease, namely, peptides 20, 24, and 38, were included in the identified variant peptides. To ascertain if these peptides were reactive against DOC PBMC from the vaccinated ponies, the variant-specific peptides identified through the matrix studies were tested against DOC PBMC from the vaccinated ponies (Fig. 6B) .
While the amino acid variations for peptides 20 and 21 did not affect CTL activity, sequence variation in the remaining peptides altered the observed CTL responses (Fig. 6B) . All of the ponies tested against EV0-32 had a positive CTL response, whereas PBMC from one-third of the ponies recognized EV6-32 and none of the ponies tested recognized EV13-32. For peptides 18 and 27, the EV0-and EV6-specific sequences were recognized equally by the PBMC from the vaccinated ponies, while the EV13-specific sequence did not allow CTL recognition in any of the tested ponies. Conversely, the EV0-and EV13-specific sequences for peptide 38 produced lytic activity in 50% and 100% of the ponies tested, respectively, while EV6-38 was not recognized by the PBMC from any of the vaccinated ponies tested. Fewer than 50% of the vaccinated ponies reacted to the EV0-specific sequences for peptides 23, 24, 34, and 36; however, this did not preclude recognition of EV6-or EV13-specific sequences for these peptides. More than 65% of the ponies tested had cytolytic activity in response to the EV6-and EV13-specific peptides 23 and 24. All of the ponies tested recognized the EV13-specific sequences for peptides 34 and 36 (Fig. 6B) .
DISCUSSION
Using EIAV variants with divergent Env proteins to challenge EIAV D9 -vaccinated ponies provided the unique opportunity to address the effects of defined Env variation on vaccine efficacy and also to identify potential determinants of protective immunity. A study by Craigo et al. (18) definitively revealed Env as a primary determinant of lentiviral vaccine efficacy, indicating a significant inverse relationship between the extent of challenge strain Env divergence from the vaccine strain Env and the observed vaccine protection. In the current study, we have taken advantage of this unique vaccine trial to characterize the humoral and cellular immune responses to Env that may be associated with vaccine protective immunity. Thus, the focus of this study was to identify potential Env determinants of protection and to address the effects of Env variation on immune recognition. Neutralizing antibody titers, Th proliferation, and CTL lysis of EIAV D9 -vaccinated ponies protected from disease were compared to those of ponies that were not protected to evaluate potential determinants of vaccine immunity. For the first time, Th and CTL envelope peptides associated with protective EIAV vaccine immunity have been identified. We also illustrate how minor amino acid changes in Env can alter immune recognition and ultimately affect vaccine efficacy.
Like the case for other lentiviral model systems (HIV, SIV, and SHIV), there is considerable debate about the role of neutralizing antibodies in protective immunity. Various studies with EIAV, like those with SIV, have failed to establish a correlation between neutralizing antibody development and vaccine protection (14, 16, 23, 25, 51, 52) . While a range of studies have shown that passive immunization with neutralizing antibodies can protect against HIV or SHIV challenge (40, 41, 59) , there have been other studies demonstrating that passively administered immune serum cannot protect animals from SIV infection (2, 47, 51, 52, 64) . When the neutralizing antibody titers of the 24 vaccinated ponies were measured against the homologous Env strain, EV0, only 8 ponies had detectable neutralization titers at DOC, but these responses could not be correlated with vaccine protection from disease. The antibodies were also specific to EV0, as they were unable to cross-neutralize EV6 or EV13. It has long been assumed that inapparent carrier ponies are protected from virulent challenge due to broadly cross-reactive neutralizing antibodies, and recent studies with other lentiviruses have reported cross-re- active neutralizing antibodies against HIV and SHIV (35, 67). Therefore, it was surprising that neutralizing antibodies generated by EIAV D9 were unable to neutralize EV6 or EV13. Because an in vitro assay was used to measure neutralization titers, the possibility that EV6 and EV13 neutralizing antibodies were present in the vaccinated ponies but undetectable in our neutralization assay could not be discounted. With no established relationship between antibody neutralization and vaccine protection, the cellular immune response elicited by EIAV D9 was analyzed. Initially, comprehensive Env peptide pools were utilized to analyze PBMC proliferation and CTL responses in the vaccinated ponies at DOC. There was no statistical difference detected between the protected and nonprotected ponies in the response to comprehensive peptide pools in either cellular assay. Only when individual peptides were utilized did differences in cellular immune responses between the two groups of vaccinated ponies become apparent. These data suggest that using large peptide pools to track vaccine-induced cellular immunity may not have the sensitivity to differentiate between protected and nonprotected subjects and that individual peptide analysis may be required.
Effective vaccines against viruses that cause chronic infection, such as Epstein-Barr virus and cytomegalovirus, elicit polyfunctional Th and CTL responses (26) . During HIV infection, there is a skewing of the Th response, such that CD4 ϩ T cells with proliferative capabilities are destroyed, while CD4 ϩ T cells secreting gamma interferon are abundant (58) . Targeting an appropriate Th proliferation response is therefore a desirable quality for lentiviral vaccines. The thymidine incorporation assay for PBMC proliferation identified one Envspecific peptide which was associated with vaccine protection from disease. Peptide 5 was located in a more conserved region of gp90 (Fig. 7) and had an identical amino acid sequence across the three variant challenge strains. CTL analysis also determined that cytolytic activity to peptide 5 was associated with vaccine protection from disease. With the current assays, we cannot determine if peptide 5 contains both CTL and Thelper epitopes or if the observed proliferation response was due to CTL expansion. As equine-specific reagents become available to study the cytokine profile of the Th cells, it will be of interest to study the cytokine response evoked by the EIAV D9 vaccine to determine if there is an association with vaccine immunity.
The proliferation assay also distinguished broadly reactive regions of EIAV Env. A group of peptides was recently described as broadly reactive for 12 EIAV D9 -vaccinated horses demonstrating protective immunity from disease (65) . One of the peptides identified in the current trial, peptide 61, overlaps with a previously described broadly reactive peptide, peptide 60. Additionally, when the two EIAV D9 trials are combined, peptides 9, 17, 27, and 70 can be described as broadly reactive peptides for the two groups of ponies. It should be noted that ponies having the same DRA/DQA alleles in this study did not always have the same peptide-specific proliferation responses. This may be attributed to the third MHC II allele, DRB. There is not complete sequence information for DRB, and therefore it was not characterized in these ponies (19) . As with a Th response, a polyfunctional CTL response is regarded as necessary for a protective lentiviral vaccine (28) . For HIV, various studies have shown a correlation between CTL levels, longterm nonprogressors (27, 61) , and control of acute (9, 34) and chronic (53) viremia. Additionally, in the SIV model of infection, depletion of CD8 ϩ T cells results in a loss of immune control (32, 42, 63) . While several peptides associated with Mamu A*01 have been correlated with SIV vaccine protection (6, 7, 33) , broadly reactive CTL peptides associated with HIV or SIV vaccine protection have yet to be identified. The bulk of HIV and SIV CTL research has relied upon gamma interferon and tetramer staining, but it is becoming increasingly clear that determining the functional diversity of the CTL response is equally important to quantifying the CTL response by these techniques (54, 66) . In the current study, a functional chromium release assay was utilized to test PBMC from 12 vaccinated ponies with measurable DOC CTL activity to identify potentially protective CTL peptide-specific responses elicited by the EIAV D9 vaccine. Broadly reactive CTL peptides elicited by the EIAV D9 vaccine were previously described (65) . Again, without a more discriminating assay to type the ELA-A allele, firm MHC restrictions cannot be assigned to identified peptides (65, 68) . However, the peptides identified in the current vaccine trial do not seem to be MHC restricted and confirm four of the broadly reactive peptides from the previous trial, i.e., peptides 9, 17, 27, and 52 (65) . Additionally, when data from the two EIAV D9 trials are combined, peptides 5, 32, and 62 are also found to be broadly reactive.
In defining CTL peptide responses associated with vaccine protection from disease, our analysis revealed a statistically significant association between protection from disease and CTL responses to peptides 5, 8, 9, 17, 20, 24, 26, and 38 . In an independent study, lipopeptides corresponding to the amino acid sequences of EIAV gp90 peptides 20 and 21 were used to vaccinate three horses. While the vaccine did not prevent infection, it was capable of reducing the severity of disease, indicating that the CTL responses associated with these peptides can have some protective effect (60) . The cytolytic response to peptides 5, 8, 9, 17, 20, 24, 26 , and 38 can be targeted in future lentiviral vaccine trials to enhance protective immune responses.
Five (peptides 5, 8, 9, 17, and 26) of the eight CTL peptides associated with vaccine protection from disease were found in more conserved regions of gp90 (Fig. 7) , with each challenge strain having identical amino acid sequences for these five peptides. Additionally, there were no N-linked glycosylation sites found in these five peptides. The three other CTL peptides were variable between the three challenge strains. CTL peptide 20 spanned the V3 region of gp90, peptide 24 included the V4 region, and peptide 38 contained part of the V7 region. The variant challenge strains each had unique amino acid sequences for these peptides and were also variable in the number and placement of N-linked glycosylation sites.
While variation affected numerous challenge strain peptidespecific CTL responses, the amino acid changes present in peptide 20 did not drastically alter CTL reactivity ( Fig. 6B and Table 3 ). This was quite surprising, as EV13-20 contained seven additional amino acids. This indicates that the CTL epitope for peptide 20 is most likely in the C terminus. There were minimal differences between the three challenge strains for peptide 24, but the amino acid changes were enough to drastically alter the cytolytic activity compared to the observed EV0 response. The most surprising observation was with peptide 38. The majority of the ponies tested responded to the EV0-and EV13-specific peptides but not to the EV6-specific sequence. There was one amino acid difference between EV0 and EV6 in this peptide. The second amino acid was changed from an asparagine (N) to a histidine (H). This indicates that N may be a critical anchor residue for peptide 38. While the EV13 sequence does not have an N at position 2, there is an N at position 3, which could serve as the anchor for that peptide. These data illustrate how a single amino acid substitution within a CTL epitope can abrogate recognition, either by decreasing the binding affinity of the peptide for the MHC I molecule or by altering the peptide-MHC complex so that the T-cell receptor cannot bind (15, 57) . Without knowing the necessary anchor residues for MHC I presentation, we could not determine if the loss in CTL reactivity was due to low peptide-MHC affinity or to the inability of the T-cell receptor to recognize the variant peptide-MHC complex. Further studies are required to define the cause of CTL reactivity loss. While Env variation may have profound effects on CTL rec- 
EV0-18
DSDHCQEYQCKKVNLNSSDS ϩ EV6-18 ****************LNSF ϩ EV13-18 **************FTV*KA Ϫ EV0-20
SNP------VR-VEDVMNTTEYWGFKW ϩ EV6-20 DSS------IH-****KD********* ϩ EV13-20 NGSSIPSIHVGG***AE**I******* ϩ EV0-21 NTTEYWGFKWLECNQTENFK ϩ EV6-21 D******************* ϩ EV13-21 **I***************L* ϩ EV0-23 TILVPENEMVNINDTDTWIP Ϫ EV6-23 **************N****A ϩϩ EV13-23 **********K*KN-G**T* ϩϩ EV0-24 NINDTDTWIPKGCNETWARV Ϫ EV6-24 ****N****A********** ϩϩ EV13-24 K*KN-G**T*********** ϩ EV0-27 IHPIRLCVQPPFFLVQEKGI ϩϩ EV6-27 ******************EV ϩϩ EV13-27 *****************NRG Ϫ EV0-32 ACNVSRLKINRKDYTGIYQV ϩϩ EV6-32 *****H*R************ Ϫ EV13-32 ****RK*G************ Ϫ EV0-34 PIFYTCNFTNITSCNNEPII Ϫ EV6-34 *****************S** Ϫ EV13-34 *M*******S*****D*S*T ϩϩ EV0-36 SVIMYETNQVQYLLCNNNNS Ϫ EV13-36 ***************KY*TT ϩϩ EV0-38 NNYNCVVQSFGVIGQAHLEL ϩ EV6-38 *H****************** Ϫ EV13-38 DSN*T*************** ϩϩ a Asterisks denote conserved amino acids, and dashes denote deleted amino acids.
b Average specific lysis of Ͼ10% (ϩ), Ͼ15% (ϩϩ), or Ͻ10% (Ϫ).
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at UNIV OF KENTUCKY on June 9, 2009 jvi.asm.org ognition, these data also suggest that CTL are capable of recognizing viral sequences not present in the original vaccine inoculum (39) .
In conclusion, the current study used the EIAV vaccine system to evaluate potential Env-specific immune responses associated with the development of protective vaccine-mediated immunity. While the current study focused on the critical role of Env in vaccine protection, it should be emphasized that this study does not preclude a role for Gag-or Pol-specific immune responses in vaccine protection. As discussed previously by Craigo et al. (18) , it is possible and likely that other virus-specific immune responses are necessary but insufficient for vaccine protection. Further experiments are necessary to define the relative contributions of Env-, Gag-, and Pol-specific immunity to vaccine protection by attenuated EIAV and to determine the ability of exclusive Env-specific vaccine immunity to protect against EIAV infection and disease. These studies can provide further insights into the critical determinants of EIAV vaccine efficacy that may be applicable to other lentiviruses, including HIV-1.
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